Abstract: Antioxidative activity of protein hydrolysates from egg white hydrolyzed by Pepsin with different Degrees of Hydrolysis (DHs) was investigated. As the DH increased from 6.47 to 18.22%, the antioxidative activity of Egg White Protein Hydrolysates (EWPHs) first increased and then decreased, except for the reducing power of EWPHs. The EWPHs with DH 16.93% showed higher DPPH radical scavenging activity (96.07±3.84%), hydroxyl radical scavenging activity (36.82±1.46%), superoxide anion scavenging activity (67.72±2.51%) and inhibitory activity of tea oil autoxidation (62.68±2.32%) compared to other EWPHs. At DH 18.22%, the EWPHs exhibited the strongest reducing power (0.34±0.014). The results revealed that antioxidative activity of protein hydrolysates from egg white was determined by the DH. According to the experimental results, the EWPHs have potential for use as a natural antioxidant for food preservation.
INTRODUCTION
It is well known that functional properties of protein can be improved by enzymatic hydrolysis under suitable conditions. Hydrolysis potentially affects the molecular size and hydrophobicity, as well as polar and ionisable groups of protein hydrolysates. The characteristics of hydrolysate directly influence the functional properties and the uses as a valuable ingredient for the food, pharmaceutical and cosmetic industries. Recently, some protein hydrolysates have been reported to exhibit antioxidant activity (Sakanaka and Tachibana, 2006; Klompong et al., 2007; Sun et al., 2010) . In the past several years, many researchers reported that both the type of protease and the degree of hydrolysis can affect the antioxidative activity of protein hydrolysate (Saiga et al., 2003; Hou and Zhao, 2011) . Thiansilakul et al. (2007) suggested that muscle protein hydrolysates produced with flavourzyme showed a higher DPPH radical scavenging activity and reducing power, but a lower Fe 2 + chelating ability than the hydrolysates prepared with alcalase. You et al. (2009) found that as DH increased from 18 to 33%, the hydroxyl radical scavenging activity of loach protein hydrolysates increased first and then decreased. Different types of protease and different DHs contribute to the molecular weight and amino acid sequence of peptides, which may affect antioxidant activities of protein hydrolysates.
Eggs are an important source of high quality protein. Protein hydrolysates from egg white and egg yolk have been found to possess antioxidant activity (Sakanaka et al., 2004; Lin et al., 2012) . The molecular weight and amino acid sequence of peptides were reported to determine the antioxidant activities of protein hydrolysates (You et al., 2009) . However, there is a little information regarding their antioxidative activity as affected by DH. Therefore, this study aimed to produce a protein hydrolysate from egg white with different DHs using pepsin and to study systematically their antioxidative activities.
MATERIALS AND METHODS

Materials and chemicals:
Fresh eggs were obtained from the farmer's market of Huazhong Agricultural University (Wuhan, Hubei, China). The egg white was freeze-dried after the separation of egg white and egg yolk. Pepsin was purchased from Novozyme Co. (Bagsvaerd, Denmark). All radical testing chemicals including 1.10-Phenanthroline, pyrogallic acid and 1.1-Diphenyl-2-Picrylhydrazyl (DPPH) were purchased from Sigma Chemical Co. (Sigma Chemical Co., St. Louis, MO, USA). Other chemicals used were of analytical grade.
Methods: Preparation of egg white proteins hydrolysates:
After the sample (hen's egg white) was diluted with distilled water to the final concentration of 3% (w/v) and heated at 90°C in a water bath for 15 min to denature the egg white protein before the mixed solution was cooled down to room temperature. Then, the pH of the mixed solution was adjusted to 2.0 with 1 M HCl. The mixed solution was hydrolyzed with pepsin at 37°C for 1, 3, 5 and 7 h, respectively, which achieved various DHs. The enzyme to substrate ratio (E/S) was 9000:1 (U/g). The pH of the mixed solution was maintained constant at 2.0 by continuous addition of 1 M HCl or 1 M NaOH. In order to reach complete enzyme inactivation, the samples were treated at 85°C for 30 min. The hydrolysates were centrifuged in a GL-21 M refrigerated centrifuge (Xiangyi Instrument Co. Ltd., Changsha, China) at 4000 g for 20 min and the supernatants were freeze-dried with a vacuum freeze dryer (Christ Alpha 1-2 LD, Bioblock Scientific, France) and stored at -18°C for further use.
Determination of the degree of hydrolysis:
The Degree of Hydrolysis (DH), defined as the percent ratio of the number of peptide bonds broken (h) to the total number of peptide bonds per unit weight (h tot ), in each case, was calculated from the amount of base (NaOH) added to keep the pH constant during the hydrolysis as given below (Adler-Nissen, 1986 ):
where, B = The amount of NaOH consumed (mL) to keep the pH constant during the reaction N b = The normality of the base M p = The mass (g) of protein (N×6.25) a = The average degree of dissociation of the a-NH 2 groups released during hydrolysis expressed as:
where, pH and pK are the values at which the proteolysis was conducted. The total number of peptide bonds (h tot ) in an egg white protein concentrate was assumed to be 9.14 meq/g.
Determination of DPPH radical scavenging activity:
The DPPH radical scavenging activity of the EWPHs was determined as described by Bersuder et al. (1998) , with a small modification. A volume of 2 mL of sample (5 mg/mL) was mixed with 2 mL of 0.1 mM DPPH reagent in 99.5% (w/v) ethanol. The mixture was then kept in the dark at room temperature for 60 min and the absorbance of the mixture was measured at 517 nm using a UV-Visible spectrophotometer (T70, UV/VIS spectrometer, PG Instruments Ltd., China). The DPPH radical scavenging activity was calculated as follows:
The DPPH radical scavenging activity (%)
A c = Absorbance of control A s = Absorbance of sample
The control was conducted in the same manner except that distilled water was used instead of the sample. Lower absorbance of the reaction mixture indicated higher free radical scavenging activity. All the assays were carried out in triplicate.
Determination of hydroxyl radical scavenging assay:
The hydroxyl radical scavenging activity was evaluated as described by Li et al. (2008) , with some modifications. A mix of 600 µL of FeSO 4 (5.0 mM), 600 µL of 1,10-phenanthroline (5.0 mM) and 600 µL of Ethylene Diaminetetraacetic Acid (EDTA) (15 mM) were mixed with 400 µL of sodium phosphate buffer (0.2 M, pH 7.4). Then, 1 mL of the EWPHs solution (5 mg/mL) and 400 µL of H 2 O 2 (0.01%) were added. The mixture was incubated at 37°C for 60 min and the absorbance was measured at 536 nm. The hydroxyl radical scavenging activity was calculated using the following equation:
The hydroxyl radical scavenging activity (%)
where, A s = The absorbance of the sample mixture A 0 = The absorbance of the blank solution using distilled water instead of sample mixture A c = The absorbance of a control solution in the absence of H 2 O 2
All the assays were carried out in triplicate.
Determination of superoxide anion scavenging activity: The superoxide anion scavenging activity was assayed by measuring the inhibition of the autoxidation of pyrogallol using the method of Marklund and Marchland (1974) , with a slightly modification. One mL of the sample solution (2 mg/mL) and 4.5 mL of 50 mM phosphate buffer (pH 8.24) were mixed with 0.1 mL of 3 mM pyrogallol solution (freshly prepared). Then, 100 µL of 0.2 M ascorbic acid was added immediately to the mixture. After 4 min of incubation, the absorbance of the reaction mixture was measured at 325 nm against a blank. The superoxide anion scavenging activity was calculated as follows:
The superoxide anion scavenging activity (%) = (∆A 1 /∆t -∆A 2 /∆t) / (∆A 1 /∆t)
where, ∆A 2 /∆t is the changes of absorbance of pyrogallol solution after the addition of the sample, which indicated the autoxidation rate of pyrogallol after the addition of the sample. ∆A 1 /∆t is the changes of absorbance of pyrogallol solution after the addition of distilled water instead of sample, which showed the autoxidation rate of pyrogallol without the addition of the sample. All the assays were carried out in triplicate.
Determination of reducing power assay:
The ability of the EWPHs to reduce iron (III) was determined by the method of Yildirim et al. (2001) , with a small modification. Different concentrations of the EWPHs samples in 1 mL of distilled water were mixed with 2.5 mL of 0.2 M phosphate buffer (pH 6.6) and 2.5 mL of 1% (w/v) potassium ferricyanide and then the mixture was incubated at 50°C for 30 min. Afterward, 2.5 mL of 10% (w/v) trichloroacetic acid was added to the mixture, which was then centrifuged at 3000 rpm for 10 min. Finally, 2.5 mL of the supernatant solution was mixed with 2.5 mL of distilled water and 0.5 mL of 0.1% (w/v) ferric chloride solution. After a 10 min incubation time, the absorbance of the mixture was measured at 700 nm. A higher absorbance of the reaction mixture indicated greater reducing power. All the assays were carried out in triplicate.
Determination of Inhibition of linoleic acid autoxidation:
The lipid peroxidation inhibition activity of the hydrolysates obtained from egg white was measured in the tea oil emulsion system according to the method of Osawa and Namiki (1985) , with some modifications. Fifty mg of the hydrolysates was dissolved in 10 mL of 50 mM phosphate buffer (pH 7.0) and then mixed with 65 µL of 100% (w/v) tea tree oil and 10 mL of 99.5% (w/v) ethanol. Briefly, the reaction solution (0.1 mL) was mixed with 4.7 mL of 75% ethanol, 0.1 mL of 30% ammonium thiocyanate and 0.1 mL of 20 mM ferrous chloride solution in 3.5% HCl. The mixture solution was then incubated for 3 min at 40°C. The absorbance of the mixture was measured at 500 nm against a blank containing the same volume of distilled water. Fifty mM phosphate buffer (pH 7.0) was used as a control. The lipid peroxidation inhibition activity was expressed as follows:
The lipid peroxidation inhibition activity (%)
A' c = Absorbance of control A' s = Absorbance of sample Statistical analysis: All the tests were conducted in triplicate. The results were expressed as a mean ±Standard Deviation (S.D.) and were subjected to oneway Analysis of Variance (ANOVA). The values p<0.05 were regarded as significant. All statistical analyses were performed using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA).
RESULTS AND DISCUSSION
Preparation of EWPHs using pepsin:
It has been demonstrated that the antioxidant of proteins can be increased through hydrolysis with certain enzymes and some peptides or fractions have a stronger antioxidant capacity than others (Chen et al., 1995) . Furthermore, the antioxidant activity of protein hydrolysates depends on the protein substrate used, proteolysis conditions, the specificity of the enzyme used for the proteolysis and the DH. Protein hydrolysates with different DHs were obtained by treating egg white with pepsin. The hydrolysis curve of egg white proteins after 1 to 7 h of incubation was shown in Fig. 1 ; the results showed that the DH of the egg white protein increased rapidly within the first 2 h. The rate of enzymatic hydrolysis subsequently decreased and then the enzymatic reaction reached a steady-state phase in all enzymatic hydrolysis, in which no apparent further hydrolysis took place. A typical curve for this hydrolysis was also reported for hydrolysis of muscle proteins of smooth hound (Mustelus mustelus) (Bougatef et al., 2009) ; harp seal (Phoca groenlandica) (Shahidi et al., 1994) and yellow stripe trivially (Klompong et al., 2007) . After 1, 3, 5 and 7 h of hydrolysis, the average DHs were 6.47, 13.37, 16.93 and 18.22%, respectively.
DPPH radical-scavenging activity:
The DPPH• radical has a single electron and shows the maximum absorbance at 517 nm, the radical is widely used in model systems, to investigate the scavenging activity of some natural compounds such as phenolic compounds, Fig. 1 : The hydrolysis curve of egg white proteins hydrolyzed by using pepsin anthocyanins and some protein hydrolysates. When DPPH radicals encounter a proton-donating substrate such as an antioxidant, the radicals would be scavenged and the absorbance is reduced (Shimada et al., 1992) . The DPPH radical-scavenging activities of the EWPHs were shown in Fig. 2 , the results clearly indicated that the EWPHs with different DHs exhibited different scavenging activities against DPPH radicals. The protein hydrolysates with DH 16.93% showed the highest DPPH radical scavenging activity (96.07±3.84%) among four protein hydrolysates. The protein hydrolysates with DH 6.47% exhibited the lowest DPPH radical-scavenging activity, which could also reach 55.37±1.78%. The results indicated that the EWPHs acted as a good electron donor and could react with free radicals to terminate the radical chain reaction.
Hydroxyl radical scavenging activity:
The hydroxyl radical is the most potent free radical derived from oxygen, it can easily react with biomolecules such as amino acids, proteins and DNA. Therefore, the removal of hydroxyl radical is probably one of the most effective defenses of a living body against various diseases (Cacciuttoloa et al., 1993; Qian et al., 2008) . The hydroxyl radical scavenging activities of the EWPHs were shown in Fig. 2 , the results showed that the protein hydrolysates with DH 16.93% exhibited the highest free radical scavenging activities for hydroxyl radical, reaching 36.82±1.46%, while the hydroxyl radical scavenging activities of the EWPHs with DH 6.47, 13.37 and 18.22% were 26.13±0.84, 32.55±1.14 and 30.98±1.15%, respectively. The differences may be attributed to differences in type of amino acids and peptide fragments produced by pepsin hydrolysis. The results also indicated that the EWPHs were an effective electron donor for the reduction of hydroxyl radical.
Superoxide anion scavenging activity: Superoxide anion radical is known to be very harmful to cellular components as a precursor of more reactive oxygen species, which can cause disease and damage to tissues. And thus investigation of the free radical scavenging activity is of great importance (Kanatt et al., 2007) . Superoxide anion scavenging activity of the EWPHs with different DHs was presented in Fig. 2 , the protein hydrolysates showed considerable scavenging abilities over superoxide anion. The EWPHs with DH 16.93% showed significant stronger superoxide anion scavenging activity (67.72±2.51%) than other egg protein hydrolysates (p<0.05).
Reducing power: Reducing power assay is often to evaluate the ability of natural antioxidant to donate electron or hydrogen (Yildirim et al., 2000) . Many reports have revealed that there is a direct correlation between the antioxidative activities and the reducing power of bioactive compounds. For the reducing power assay, the presence of antioxidants in the tested samples caused the reduction of the Fe 3+ /ferricyanide complex to the ferrous form. The reducing power of the EWPHs with different DHs was showed in Fig. 3 . As the DH increased from 6.47 to 18.22%, the reducing power of the EWPHs increased from 0.19±0.007 to 0.34±0.014. The EWPHs with DH 18.22% had the strongest reducing power. The difference might be attributed to the presence of more specific peptides or active amino acids in the EWPHs with high DH, which could react with free radicals to form more stable products.
Inhibition of tea oil autoxidation:
Free radicalinduced lipid peroxidation is a complex process that involves the formation and propagation of lipid radicals, the uptake of oxygen, a rearrangement of the double bonds in unsaturated lipids and the eventual destruction of membrane lipids (Bougatef et al. 2010) . The inhibitory effects of the EWPHs as an antioxidant in prevention of tea oil autoxidation were investigated. As shown in Fig. 3 , all the tested samples showed strong inhibitory effects, the inhibitory activity of the EWPHs with DH 16.93% (62.68±2.32%) was significantly higher than that of other EWPHs (p<0.05). The results indicated that limited hydrolysis of the egg white protein could lead to better antioxidant ability than extensive hydrolysis.
CONCLUSION
The antioxidant activities of EWPHs were related to DH. At DH 16.93%, the EWPHs exhibited the strongest antioxidant activity, including DPPH radical scavenging activity (96.07±3.84%), hydroxyl radical scavenging activity (36.82±1.46%), superoxide anion scavenging activity (67.72±2.51%) and the inhibitory activity of tea oil autoxidation (62.68±2.32%). The EWPHs showed the strongest reducing power (0.34±0.014) at DH 18.22%. Therefore, the EWPHs can be used in food systems as a natural additive possessing antioxidative properties.
